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 
Abstract— An effective head immobilization is an important 
requirement in radiotherapy treatment sessions, although it 
may also be thought in the future as a precious aid in brain 
medical imaging. Thus, the present work is focused on the 
stiffness optimization of a customized head immobilization 
mask, modelled upon the head reconstruction surface based on 
computerized tomography images.  
This paper proposes a strategy supported by a metaheuristic 
optimization technique and a metamodeling approach for the 
whole mask, illustrated at its most unfavorable region 
occurring in the gnathion region. 
I. INTRODUCTION 
Customized devices may be an important contribution to 
the improvement of radiotherapy immobilization devices. 
The recent years’ evolution of reverse engineering techniques 
may contribute to the development of new interdisciplinary 
research areas, namely involving medicine and engineering 
areas and finding useful solutions for specific problems as the 
present work intends to.  
The improvement of the actual construction process of 
the immobilization masks as well as their configuration, can 
lead to better health care experience for the patient [1]. Also 
the type of technology available for the modelling of surfaces 
using CT imaging or other simpler acquisition techniques, 
that perform better and with less radiation risks for the 
subjects’ health can be a quality gain, through the increase of 
the ratio benefits/risk for the patient [2]. 
From the literature review it is possible to conclude that 
the combination of acquisition and reconstruction techniques 
as well as the subsequent modelling can provide effectively 
advantageous purpose-oriented customized devices as 
presented in [3] - [6]. However, it may be concluded that an 
extensive work is still needed. Illustrating this, it is worth 
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mentioning that no works were found on the establishment of 
a procedure yielding optimal customized head 
immobilization masks supported by a mechanical analysis. 
Thus this study constitutes a first approach in this direction, 
presenting a possible optimization strategy in this context. 
II. MATERIALS AND METHODS 
This section presents a brief overview of the fundamentals 
considered in the present study. 
A.  Geometrical Modelling 
The surface of the mask used in the present work was 
obtained by a reverse engineering process, which started with 
the images acquisition via a Computed Tomography (CT) to 
the head of physical phantom (PIXY™) PIXY is an anatomic 
and radiologic anthropomorphic phantom to training/teaching 
mainly used in Radiological Procedures. The images obtained 
were converted into polygonal mesh files which were then 
imported into SolidWorks® using its ScanTo3D utility to 
reconstruct the surfaces and finally to design the mask[7]. 
The present customized designed mask is open in the eyes 
and mouth to provide more comfort and to minimize 
claustrophobic sensation in the patients. The fixture of the 
mask to the radiotherapy table is provided via a U-shaped 
scheme horizontally fixed to the mask surface (Figure 1). 
Figure 1. Immobilization mask to optimize 
 
The strength, stiffness and material selection studies were 
already performed in [6],[7]. Presently this immobilization 
device will be optimized via a hybrid metaheuristic approach, 
in order to obtain an optimal configuration concerning to its 
stiffness.  
B. The Whale Optimization Algorithm 
The Whale Optimization Algorithm (WOA) is a meta-
heuristic optimization algorithm that mimics the humpback 
whales predatory behavior [8]. The original pseudo-code is 
adapted in Figure 2.  
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Figure 2. WOA adapted pseudo-code[8] 
 
The 𝐴 vector is calculated as 𝐴 = 2?⃗? ∙ 𝑟 − ?⃗? and the 𝐶 
vector is calculated as 𝐶 = 2 ∙ 𝑟, where ?⃗? linearly decreases 
from 2 to 0 over the course of generations and 𝑟 is a random 
vector in [0,1]. The 𝑝 value is a random number between 0 
and 1 is also a random number in [-1,1], and b is constant that 
defines the spiral shape. 
C. Kriging Interpolation Method 
The Kriging interpolation method is commonly used in 
spatial interpolation problems. This method states that close 
data points will have similar behavior or properties [9]. 
To solve the interpolation problem, this method uses 
semivariograms. From the available functions to this 
purpose [9], [10], one has selected the one given in (1): 
 γ(h) = exp (−
h2
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 where h is the Euclidean distance. The estimated value in 
a certain point j is then given by: 
  zj = ∑ωjipi
i
 (2) 
 being pi the known data points and ωji the weights that 
result from the mentioned assumption that closer points will 
have a similar behavior. To calculate these weights, it is 
necessary to solve equation (3), that relates the covariance 
matrix (Γ), the weights (Ωj) and the semivariogram (αj) 
between an unknown point and the known data points: 
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 In this study, one has considered two Kriging 
formulations, the Simple Kriging and the Common Kriging, 
which differ in solving the weights, as presented in [9],[10]: 
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D. Optimization scheme validation 
To verify the effectiveness of the optimization approach 
which was thought to minimize the computational cost, and 
previous to its use on the immobilization masks, one has 
considered its application on a thin simply supported square 
plate submitted to a uniform load. The plate material was the 
same as the one used for the mask, the Polyphenylene 
Sulfide, previously considered in [7]. Considering to other 
parameters, the edges dimension was set to 100 mm and the 
applied load was 0.02 MPa. The yield point was ensured in 
the thickness optimization interval. 
The objective of this preliminary optimization study was 
the minimization of the maximum displacement verified in a 
plate, when submitted to a load scenario, as a function of 
thickness. A similar objective to the one meant for the mask. 
The plate displacements were obtained via finite element 
method based on a high order shear deformation theory [11].  
To minimize the plate maximum displacement as a 
function of the thickness, it was necessary to collect data 
from the nodes of the plate, which included the nodal 
coordinates (x,y), the corresponding nodal transverse 
displacements and the thickness at the point. 
To obtain a better conforming behavior to the edges, one 
has considered every node located on the edges, 50% of the 
nodes from the interior of the plate and the node of 
maximum displacement. The thicknesses considered 
pertained to the set t={2, 2.5, 3, 3.5, 4}. The optimization 
process was divided into two steps, the achievement of the 
maximum displacement and its location, and then the 
minimization of the maximum displacement. 
1) Maximum displacement location 
To obtain the location of the maximum displacement in 
the plate, for each thickness considered, the displacement 
surface was interpolated using Simple Kriging and a DUAL 
problem formulation of the surface, since the WOA is 
presented as a minimization algorithm. The number of 
generations used, were 150 with 30 whales each. The 
maximum displacement and its coordinates (x,y) location 
was found for each thickness. The expected location was 
exactly in the center of the plate however, the nodes used in 
the interpolation are not symmetrical which induced into 
slightly different values. In order to guarantee a fixed 
location, it was calculated an average between the obtained 
values of each thickness and a standard deviation. 
2) Minimization of the maximum displacement 
Considering the previous characterization of the 
maximum displacement for each plate thickness, one has 
then obtained a function of the minimum maximum 
Initialize whale population Xi (i=1,2, …, n) 
Calculate the fitness of each search agent Xi 
X*=the best search agent 
while ( t<maximum number of iterations) 
for each search agent 
Update a, A, C, l and p 
if1 (p<0.5) 
 if2 (|A| < 1) 
  D⃗⃗ = |C⃗⃗. X∗⃗⃗⃗⃗⃗(t) − X⃗⃗(t)| 
  X⃗⃗(t + 1) = X∗⃗⃗⃗⃗⃗(t) − A⃗⃗ ∙ D⃗⃗ 
 else if2 (|A| ≥ 1) 
  Select a random search agent (Xrand) 
  D⃗⃗ = |C⃗⃗. 𝑋𝑟𝑎𝑛𝑑⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ (t) − X⃗⃗(t)| 
  X⃗⃗(t + 1) = 𝑋𝑟𝑎𝑛𝑑⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ (t) − A⃗⃗ ∙ D⃗⃗ 
 end if2 
else if1 (p ≥ 0.5) 
 D′⃗⃗⃗⃗ = |X∗⃗⃗⃗⃗⃗(t) − X⃗⃗(t)| 
 X⃗⃗(t + 1) = D′⃗⃗⃗⃗ ∙ ebl ∙ cos(2πl) + X∗⃗⃗⃗⃗⃗(t) 
end if1 
 end for 
 Check if any search agent goes beyond the search 
space and amend it 
 Calculate the fitness of each search agent 
 Update X* if there is a better solution 
 t=t+1 
end while 
return X* 
  
displacement of the plate via the least squares method. This 
function was optimized using the WOA with 50 generations 
with a population of 30 whales each. 
E. Model to Optimize 
In the optimization of the immobilization mask, it was 
considered the left lateral bending of the neck as load case, 
which represents the worst case scenario. As the gnathion 
region was the most unfavorable, one has restricted the 
optimization study to this region, which is represented in red 
close to the “max” caption in Figure 3. 
 
Figure 3. Considered zone for the optimization study of the mask 
 
The data points considered are the nodes of the region of 
the Figure 3, the information includes the coordinates (x,y,z) 
of each node, thickness and its corresponding displacement. 
The thicknesses considered were t={5, 5.125, 5.25, 5.375, 
5.5}. As for the optimization of the thin plate, the method 
used to optimize the maximum displacement in the mask 
considered two steps. The first, the maximization of the 
displacement to find its location, interpolating the 
deformation as function of the spatial coordinates (x,y,z) for 
each thickness using this time the Common Kriging, as from 
the testes performed one has concluded that this approach 
will provide better results. This function was optimized 
using the WOA with the same parameters as the ones used 
for the thin plate. In the second optimization step, the 
minimization of the maximum displacement, one has used 
the least squares to obtain the maximum displacements 
function, which was then minimized considering the WOA 
which, once again, used the same parameters as for the thin 
plate optimization study. 
III. RESULTS 
This section presents the results obtained, first for a single 
plate with the aim of constituting a methodology verification 
case, then the second study focuses the immobilization 
mask. In this first optimization work one has only 
considered lateral constraints. 
A. Verification case: Thin plate optimization 
For the minimization of the plate displacement, the 
expected values (Wmax) and the presently predicted values 
(W(X*,Y*)) using Simple Kriging interpolation method and 
WOA are presented in Table 1. The thickness is referred as t. 
Table 1. Results of the displacement maximization of the plate 
t [mm] Wmax [mm] W(X*,Y*) [mm] Error (%) 
2 2,368 2,352 -0,67683 
2,5 1,214 1,206 -0,6802 
3 0,704 0,699 -0,65611 
3,5 0,444 0,441 -0,6425 
4 0,298 0,296 -0,62992 
The error is very small, even when not using symmetric 
data points. In Table 2 it is now possible to observe the error 
between the W(X*,Y*) and the maximum displacement 
obtained with the function obtained via the least squares 
method WX*,Y*(t), which is again negligible. 
 
Table 2. Results of the least squares method 
t [mm] W(X*,Y*) [mm] WX*,Y*(t) [mm] Error (%) 
2 2,352 2,352 -5,95E-05 
2,5 1,206 1,206 4,72E-04 
3 0,699 0,699 -1,21E-03 
3,5 0,441 0,441 1,30E-03 
4 0,296 0,296 -4,45E-04 
This function WX*,Y*(t) was optimized using the WOA 
presenting then the results in Table 3 and Figure 4: 
 
Table 3. Results of the minimization of the maximum displacement 
Iteration = 50 Optimization Results 
WX*,Y*(t*) 0,2963 
t* 4 
 
Figure 4. Best solution and standard deviation evolution 
 
As it was expected the thickness was maximized (Table 3) 
and the WOA behavior over the course of the iterations is 
presented in Figure 4. 
B. Mask optimization 
Following a similar procedure, the maximum 
displacements of the masks are presented in the Table 4.  
  
 
Table 4. Displacement maximization of the mask 
t [mm] Wmax [mm] W(X*,Y*,Z*) [mm] Error (%) 
5 1,1 1,1178 1,618182 
5,125 1,033 1,0507 1,713456 
5,25 0,9719 0,9898 1,841753 
5,375 0,9156 0,9335 1,955002 
5,5 0,8637 0,8818 2,095635 
 
Using these results to interpolate WX*,Y*,Z*(t) that 
represent the maximum displacement as function of the 
thickness, the results using the least squares method are 
presented in Table 5. 
 
Table 5. Results of the least squares method for the mask 
t [mm] W(X*,Y*,Z*) [mm] WX*,Y*,Z*(t) [mm] Error (%) 
5 1,1178 1,1177 -0,011 
5,125 1,0507 1,0510 0,028 
5,25 0,9898 0,9897 -0,014 
5,375 0,9335 0,9334 -0,012 
5,5 0,8818 0,8819 0,008 
 
And finally, for the minimization of the maximum 
displacement of the mask, the results obtained are presented 
in Table 6, showing the minimum displacement and the 
corresponding thickness, and in Figure 5 the evolution of the 
WOA algorithm over the course of the iterations. 
 
Figure 5. Best solution and standard deviation evolution  
 
 
Table 6. Minimization of the mask maximum displacement 
Iteration = 50 Optimization Results 
WX*,Y*,Z*(t*) 0,8819 
t* 5,5 
As it was expected, the thickness increased with the 
minimization of the displacement. It is also visible a good 
performance concerning to the magnitude of the errors. 
IV. CONCLUSION 
This study aimed at optimizing customized head 
immobilization masks, testing a hybrid approach based on a 
surrogate model and a metaheuristic optimization technique. 
From the results obtained, it can be concluded that the WOA 
possesses good characteristics concerning to the exploitation 
of the design variables space yielding good results. The 
kriging metamodeling technique, provides an effective tool 
for surfaces adjustment, however this is still a topic that 
needs further research in order to better characterize specific 
requirements for more complex surfaces as is the mask case. 
Globally it is possible to conclude that the optimization 
strategy developed is a promising approach to this subject. 
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